The cnjC gene from the protozoan Tetrahymena thermophila was completely sequenced. The deduced gene product was found to have significant sequence similarity to the yeast and prokaryotic RNA polymerase subunits involved with subunit assembly. Since cnjC is active only during the sexual stage (conjugation) of Tetrahymena's life cycle, these results indicate it may be part of a novel type of transcriptlonal control. The yeast proteins to which the Tetrahymena cnjC is homologous are the 40 kd protein of RNA polymerases I and III (coded for by gene RPC40) and the third-largest subunit of RNA polymerase II (coded for by gene RPB3). The degree of similarity of the cnjC protein to the two yeast subunits was found to be greater than the similarity of the two yeast subunits to each other. The a subunit of the core RNA polymerase from prokaryotes (coded for by gene rpoA) was found to have regions of similarity to the cnjC protein as well as to the subunits encoded by RPC40 and RPB3. Regions of high conservation among the four proteins are noted. The significance of these results is discussed.
INTRODUCTION
The RNA polymerases of eukaryotes are complex (see 1). Three RNA polymerases carry out the transcription duties that are accomplished by one RNA polymerase in eubacteria (see 2) . RNA polymerase I (or A) transcribes ribosomal RNA, RNA polymerase II (or B) transcribes mRNA and RNA polymerase m (or C) transcribes small RNAs such as 5S RNA and tRNA. Each enzyme is composed of two large polypeptides (> 120 kd) and 8-11 smaller subunits (< 100 kd). Three of these smaller suburuts (27 kd, 23 kd and 14.5 kd) are shared among all three RNA polymerases, while two (40 kd and 19 kd) are shared by RNA polymerases I and IE, giving a total of approximately 22 distinct polypeptides making up the three RNA polymerases. The preparation of antibodies against the RNA polymerases (3-5) has led to the isolation of the genes for some of these subunits (6, 7) . The largest and second-largest subunits of the three eukaryotic RNA polymerases have been found to be homologous to the /3' and /? subunits respectively of the prokaryotic RNA polymerase (8) (9) (10) (11) (12) .
In eubacteria, it is well established that the sigma suburut is necessary for the initiation of transcription and is not essential once transcription has started. Different sigma subunits are used for the initiation of different sets of genes because they enable the recognition of different sets of promoters (13) . In eukaryotes, the ability of a particular RNA polymerase to recognize specific promoters and initiate transcription at the appropriate time and place is thought to come largely from the binding of transcription factors to specific DNA sequences within promoter and enhancer regions (see 14, 15) . Recently, Cisek and Corden (16) showed that the cell-cycle control gene from mouse that is homologous to cdc2 is involved in phosphorylating the unusual carboxylterminal domain of the largest subunit of RNA polymerase n. This region contains a heptapeptide repeat (52 times in the mouse) and is known to be highly phosphorylated when it is part of an actively transcribing RNA polymerase II. Thus, modifications of RNA polymerase subunits may be involved in some transcriptional control. There is also evidence that some general initiation factors directly bind RNA polymerase II and are involved in the accurate initiation of transcription (17) (18) (19) . These factors have not yet been shown to be involved in promoter selection or to be developmentally controlled.
This study reports the sequence of a gene (cnjQ from the ciliated protozoan Tetrahymena thermophila whose derived amino acid sequence appears to be homologous to both the 40 kd subunit of RNA polymerase I and HI from yeast and to the third largest subunit (44.5 kd) of RNA polymerase II from yeast. Furthermore, these three eukaryotic proteins are shown to be related to the bacterial RNA polymerase a subunit encoded by rpoA. Since cnjC is transcribed only during the conjugation stage of Tetrahymena's life cycle (20; Laurie Stargell, personal communication), this gene's product may be exchanged or substituted during conjugation for the RNA polymerase subunit present during other stages of growth, possibly to control which genes are being transcribed. To my knowledge, the synthesis of stage-specific RNA polymerase subunits has not been previously described in eukaryotes.
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MATERIALS AND METHODS cDNA
The isolation and Northern analysis of the cDNA clone (pC7-l) corresponding to cnjC has been previously described (20, 21) as has its restriction map (22) . The cDNA was made from mRNA isolated from a conjugating culture of two B strain derivatives of Tctrahymena thermophila. The cDNA was subcloned from pBR322 into pIBI30 and pIBDl (IBI) which each contain an fl origin of replication.
Southern
Genomic DNA from Tetrahymena thermophila (4 /tg per lane) was digested with EcoRl, separated on a 1% agarose gel and transferred to Gene Screen filters (New England Nuclear) as described previously (22) . The cDNA clone pC7-l was rucktranslated and hybridized to the filters as described in 22, with the modification that the stringency of the hybridization was varied by using formamide concentrations of 30%, 40% or 50% in the hybridization buffer; salt concentration was kept constant at 5XSSC.
Sequencing
The cDNA was sequenced using the chain-termination method (23) . Overlapping clones were constructed using the exonuclease IE (Boehringer-Mannheim) digestion method of Henikoff (24) and single stranded DNAs isolated using helper phage supplied by IBI. Both DNA polymerase I (Pharmacia) and T7 DNA polymerase (US Biochemicals) were used with kits supplied by the respective companies. 
RESULTS
The cDNA clone corresponding to cnjC (pC7-l) was one of several obtained when poly A + RNA from early conjugation (2 to 3 h after mixing two starved cultures with different mating types) was used to prepare a cDNA library (20) . Northern hybridizations using the pC7-l cDNA against both total RNA and poly A + RNA isolated from different stages of Tetrahymena's life cycle (20, 21) indicated that the corresponding gene was active only during early conjugation, with the amount of mRNA peaking at the crescent stage of micronuclear elongation. This cytological stage is thought to correspond to the pachytene stage of meiotic prophase. Because it appears to be active only during conjugation, this gene was called cnjC (22) . Two other conjugation-specific genes were also analysed in these studies (cnjA and cnjB) and they have transcription patterns that are similar to cnjC (21) .
The stage-specific transcription of cnjC has recently been confirmed by another method. Laurie Stargell, working in the laboratory of Martin Gorovsky at the University of Rochester, has done run-on transcription experiments using nuclei isolated from Tetrahymena and various cDNA probes including pC7-l (personal communication). This technique detects genes that are being actively transcribed whereas the Northern technique detects the presence of an RNA whether or not it is being actively transcribed. Her results confirmed the results that we obtained with Northern analysis: for pC7-l she found that nuclei from rapidly growing cells have no detectable signal above background; nuclei from starved cells have either no detectable signal or, in one experiment, very slight signal (10 cpms above background); and nuclei isolated from conjugating cells (four hours after mixing two starved strains with different mating types) had at least a 13-fold increase over the possible signal seen in starved cells.
No difference was seen between the restriction maps of the pC7-l cDNA and the genorruc DNA containing cnjC (22) . Thus, it is likely no introns are present in this gene. The EcoRl site beginning at basepair 98 in Figure 1 was not cut in any DNA isolated from macronuclei of different strains, but was cut in micronuclear DNA. We thus proposed that this site was completely and specifically methylated at A100 in the macronucleus only (22) .
The cDNA present in pC7-l was completely sequenced as described in Methods. The DNA sequence as well as the deduced amino acid sequence is shown in Figure 1 . The poly A + tail was present in the cDNA so the complete 3' end of the mRNA is represented (132 bases in the untranslated tail). The cDNA insert, including a poly A tail of approximately 50 base pairs, 15 Gs at the 5' end and 22 Cs at the 3' end was 1230 bp. We estimated the mRNA to be 1300 bases (20) , therefore the cDNA may be close to full length given the uncertainty in determining RNA size. The coding region appears to begin at the first ATG, 79 bp from the 5' end. The putative protein is 310 amino acids in length with a calculated molecular weight of 36.0 kd and an estimated pi of 5.4. The coding region shown is supported by three different criteria: 1. The regions flanking the putative coding region are AT rich as in other Tetrahymena genes (see 26; the 5' untranslated region is 18% GC, the coding region is 30.5% GC and the 3' untranslated region is 19% GQ. 2. The 5' flanking region is A-rich (52% A) as found in other Tetrahymena genes (26; Martindale, unpublished observations). 3. This region was shown to be a likely coding region by the codon usage program (27) using data from 2788 codons of Tetrahymena (28) and the positional base preference program (27) .
The codon usage of the putative protein was examined ( Figure  2 ) and found to resemble that of another conjugation-specific gene cnjB (29) with a similar transcription pattern to cnjC. The cnjB gene was found to differ significantly in its codon usage from the other Tetrahymena genes which had been sequenced (28) . It was proposed that stage-specific genes would not have the same strong selection pressure to use optimal codons (codons corresponding to most abundant tRNAs) as would genes which a. are highly expressed in normal exponential growth (28) . Without this pressure a selection or drift towards codons that are more AT rich may occur. Alternatively, a different set of codons are optimal during conjugation. This change to AT richness is seen in both cnjB (30% GC) and cnjC (30.5% GC); all other Tetrahymena genes examined are greater than 40% GC (average 45% GC; 28). Also a reduction in optimum codon usage in cnjB and cnjC is evident when the frequency of preferred codons (Fpr), which is thought to be a reflection of optimum codon usage (28) , is compared between these genes (Fpr of 0.60 and 0.64 respectively) and the highly expressed Tetrahymena genes that were analyzed previously (28) (Fpr for 2250 codons = 0.90). Numerous examples can be seen of cnjB and cnjC using a more AT nch synonymous codon (e.g., Asn, His, Lys, Phe, Pro, Thr, Tyr) than the other Tetrahymena genes examined.
Using the derived amino acid sequence of cnjC, I initiated a computer search of the National Biological Research Foundation database using the FASTP program (25) . To simplify the following discussion I will refer to the protein products of the genes cnjC, RPB3, RPC40 and rpoA as CnjC, Rpb3, Rpc40 and RpoA respectively. Rpc40 from yeast (30) was identified as having significant sequence identity to CnjC (Z value greater than 10; 25). Rpc40 is a subunit of RNA polymerases I and En and is approximately 40 kd (37.6 kd). The yeast gene (RPB3) for the third largest subunit (45 kd) of RNA polymerase n (Rpb3) was cloned and sequenced recently (31) and found to be homologous to RPC40. When the sequence of CnjC was compared to that of Rpb3, significant identity was again seen. Figure 3 shows an alignment between CnjC, Rpb3 and Rpc40: Rpb3 has 84 amino acids identical to the 310 amino acids of CnjC (27%) while Rpc40 has 80 (26%). If conservative amino acid changes are included, the similarity between the sequences is even more striking. When regions are examined in which all three sequences overlap (245 amino acids), CnjC is found to be 31 % identical to Rpb3 and 30% identical to Rpc40. Rpb3 and Rpc40 share only 25% identity over this region.
Three regions of CnjC and the yeast proteins appeared to be particularly conserved (regions I, II and HI; see Figure 4 ). Over the 116 amino acids in these regions, CnjC and Rpb3 share 53% identity, while CnjC and Rpc40 as well as Rpb3 and Rpc40 have 41% identical amino acids. Regions I and m also share some sequence identity with the a subunit of the prokaryotic RNA polymerase (RpoA); out of a total of 77 amino acids in this region, the E. coli RpoA (32) shares 26 with CnjC (34%), 17 with Rpb3 (22%) and 20 with Rpc40 (26%). The partial sequence of RpoA from Bacillus subtilis (33) and the sequence of RpoA from Spinach chloroplast (34) are also included in Figure 4 . The similarity of Rpb3 to RpoA was first noted by Kolodziej and Young in a recent preliminary report (35) .
To determine whether there are other Tetrahymena genes homologous to cnjC, blots of Tetrahymena genomic DNA were hybridized with a cnjC cDNA probe (pC7-l; 1230 bp) at different stringencies. Stringency was varied by changing the percent formamide (see 36); hybridization temperature (42°C) and salt concentration (5xSSC) were unchanged. At concentrations of 40% formamide or higher, only restriction fragments corresponding to cnjC were detected ( Figure 5) . At 30% formamide, extra bands were detected. The three extra bands that are most prominent are denoted with arrows in Figure 5 and correspond to EcoRl fragments of 3.6 kb, 2.2 kb and 2.0 kb.
DISCUSSION
The coding region of cnjC was completely sequenced. The derived amino acid sequence (CnjC) suggests it is homologous to RNA polymerase subunits from yeast and E. coli (Figures 3  and 4) . The yeast subunits to which it is similar are the 40 kd subunit found in both RNA polymerases I and III (Rpc40, encoded by the gene RPC40), and the third largest (45 kd) subunit of RNA polymerase II (Rpb3, encoded by the gene RPB3). There is also similarity to the a subunit of the eubacterial (and chloroplast) RNA polymerases (RpoA, encoded by the rpoA genes from various organisms) (Figure 4 ). What makes this observation surprising is that cnjC appears to be active only during the sexual cycle (early conjugation) of Tetrahymena (20; L. Stargell personal communication) and is thus unlikely to code for the RNA polymerase subunits present at life cycle stages other than conjugation.
The putative cnjC protein was aligned with the RPB3 and RPC40 gene products (Figure 3) . CnjC was found to be about equally related to both by looking at the overall alignment (27 % identical to Rpb3; 26% identical to Rpc40) or by examining only the regions of overlap between the three proteins (245 amino acids; CnjC is 31% identical to Rpb3 and 30% identical to Rpc40). Rpb3 and Rpc40 share only 25% identity in the region where all three overlap. Thus, the unexpected situation exists in which a stage-specific protozoan protein has more similarity to two homologous RNA polymerase subunits from yeast than the yeast subunits have with each other (Figure 6 ). One possible explanation for this would be that the Tetrahymena cnjC gene product functions in all three RNA polymerases whereas the two yeast subunits have adapted to their specific RNA polymerases (I and m, or H), and do not need to retain certain regions necessary for them to function in the other. This argument could also accommodate the findings seen with the a subunit of the E. coli RNA polymerase (RpoA). Over the regions in which the eukaryotic proteins share similarity with RpoA (77 amino acids, Figure 4 ), the putatively undifferentiated cnjC product shares 26 amino acids (34%) with RpoA while Rpb3 shares 17 (27%) and Rpc40 shares 20 (26%). Although these arguments are very speculative, they make predications that can be tested experimentally.
The a subunit of the prokaryotic RNA polymerase is involved in the assembly of the core enzyme (see 37). RNA polymerase contains two a subunits whereas the other core subunits are present once. The ability of the prokaryotic RNA polymerase to recognize specific promoters comes from the sigma subunit and a change in the type of sigma subunit will change which promoters are recognized.
The RPB3 and RPC40 gene products also appear to be involved in the assembly of the RNA polymerase complex. Mann et al. (30) , through in vitro mutagenesis, showed that the RPC40 gene product (~40 kd protein shared by RNA polymerases I and HI) is essential for cell viability and the assembly of RNA polymerases I and HI. Similarly, Kolodziej and Young (31) showed RPB3 to be essential and described the isolation of a ts mutant of the RPB3 gene that prevented assembly of RNA polymerase II at the restrictive temperature. As with the a subunit of the prokaryotic RNA polymerase, the RNA polymerase II subunit coded for by RPB3 was found to be present at twice the molar ratio of the two largest subunits (31) .
If the cnjC gene product is an RNA polymerase subunit, then the fact that it is active only during early conjugation (20, 21; L. Stargell, personal communication) would suggest that it may be involved in the regulation of transcription at this time. Several possible functions can be envisioned: 1. It may be essential for the expression of some genes active only at this time, possibly by allowing the recognition of their promoters either directly or indirectly. 2. It may stabilize the three RNA polymerases so that they may function in the cellular environment of meiosis. 3. It may allow the assembly of RNA polymerases within the micronucleus and thus allow transcription to occur within this nucleus. The micronucleus is normally transcriptionally silent, but appears to be transcnptionally active at approximately the same time that the cnjC gene is expressed (21, 38) . 4. It may be part of a stage-specific RNA polymerase made during conjugation. If my earlier reasoning is correct and the cnjC protein is found in all three RNA polymerases, then possibility 1 is unlikely since there should not be a need to change the promoter specificity of RNA polymerase I which transcribes a single type of gene. Support for possibilities 2 and 3 comes from the findings that the homologous proteins from yeast and bacteria are primarily involved in RNA polymerase assembly (30, 31, 37) . If possibility 4 is true, then multiple genes for other subunits should exist.
There are likely to be at least two Tetrahymena RNA polymerase subunit genes with homology to cnjC that are expressed at life cycle stages other than conjugation; these would correspond to the genes for the subunit shared by RNA polymerase I and HI and the subunit for RNA polymerase II. The Southern hybridizations seen in Figure 5 are compatible with there being at least two Tetrahymena genes with sequence similarity to cnjC. The fact that the stringency of hybridization had to be reduced significantly to detect these other sequences suggests that the Tetrahymena genes homologous to cnjC will not have a high degree of similarity to cnjC (probably less than 75% DNA sequence identity; 36). This may not be too surprising given the relatively low sequence identity found between the two homologous yeast subunits Rpb3 and Rpc40.
Efforts are now being made to obtain antibodies to the cnjC gene product and thus determine whether it is an RNA polymerase subunit and, if so, which polymerase(s) it is found in. In situ hybridizations with such antibodies should reveal whether there is localization to the micronucleus (possibility 3).
Attempts will be made to isolate the Tetrahymena RNA polymerase subunit gene(s) homologous to cnjC and compare their sequence both to cnjC and the homologous yeast genes and the rpoA gene from prokaryotes. To my knowledge, this study is the first to present evidence suggesting that RNA polymerase subunit exchange occurs in eukaryotes in a stage-specific manner.
